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Abstract: High-quality rainfall information is critical for accurate simulation of runoff and water
cycle processes on the land surface. In situ monitoring of rainfall has a very limited utility at the
regional and global scale because of the high temporal and spatial variability of rainfall. As a step
toward overcoming this problem, microwave remote sensing observations can be used to retrieve
the temporal and spatial rainfall coverage because of their global availability and frequency of
measurement. This paper addresses the question of whether remote sensing rainfall estimates over
a catchment can be used for water balance computations in the distributed hydrological model. The
TRMM 3B42V6 rainfall product was introduced into the hydrological cycle simulation of the
Yangtze River Basin in South China. A tool was developed to interpolate the rain gauge
observations at the same temporal and spatial resolution as the TRMM data and then evaluate the
precision of TRMM 3B42V6 data from 1998 to 2006. It shows that the TRMM 3B42V6 rainfall
product was reliable and had good precision in application to the Yangtze River Basin. The
TRMM 3B42V6 data slightly overestimated rainfall during the wet season and underestimated
rainfall during the dry season in the Yangtze River Basin. Results suggest that the TRMM
3B42V6 rainfall product can be used as an alternative data source for large-scale distributed
hydrological models.
Key words: Tropical Rainfall Measuring Mission (TRMM); satellite rainfall product;
hydrological simulation; distributed hydrological model; Yangtze River Basin
1 Introduction
Precipitation is the only way for water to enter the land phase of the hydrological cycle, a
critical part of the atmospheric cycle and water cycle. It is important for hydrologists to
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understand the temporal and spatial distribution of the amount, rate, duration, and quality of
precipitation (Browning 1990; Dingman 2002). As an input to a hydrological model, the
accurate measurement of rainfall is an essential foundation for hydrological cycle research (Yu
2008). Because the temporal and spatial distribution of rainfall is uneven, it is difficult to
determine how much rain actually falls across the earth, but this is the information we need if
we want to be able to predict weather conditions, floods, and droughts. At present, there are
three resources used to estimate rainfall: rain gauge stations, ground-based rainfall radar, and
satellite remote sensing devices. In situ monitoring of rainfall is accurate and reliable, but is
usually limited in its usefulness at the regional and global scale because of the high temporal
and spatial variability of rainfall. The areal rainfall estimated by rain gauges exhibits a great
deal of uncertainty where the rain gauge network is sparse (Collischonn et al. 2008). Thus, this
method is not practical for most ocean and undeveloped land areas. Ground-based radar can be
used to estimate the spatial distribution of instantaneous rainfall rates in clouds, which can be
electronically integrated to provide estimates of total rainfall for any time period. The
observation from the ground-based radar can reflect the temporal and spatial distribution of
rainfall, while the area covered by the ground-based radar is limited and there is no perfect
radar network for many regions. With the rapid development of remote sensing observation
techniques in recent years, microwave remote sensing observations are appropriate for
retrieving the temporal and spatial rainfall coverage because of their global availability and
frequency of measurement. Various satellite rainfall products with different temporal and
spatial resolutions are available (Arkin and Ardanuy 1989; Petty 1995; Xie and Arkin 1996;
Todd et al. 2001; Boi et al. 2004; Brown 2006). Satellites have biases and random errors that
are caused by factors such as the sampling frequency, the non-uniform field of view of sensors,
and the uncertainties of the rain retrieval algorithms (Kummerow 1998; Anagnostou et al.
1999; Chang and Chiu 1999).
The Tropical Rainfall Measuring Mission (TRMM) is a joint mission of the U.S. National
Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency
(JAXA). It is the first mission dedicated to measuring tropical and subtropical rainfall
(Simpson et al. 1988; Kummerow et al. 1998). The data from TRMM can be used to find the
location of rain as well as the rainfall intensity. TRMM was launched in November 1997, with
an altitude of 350 km, which rose to 403 km in August 2001. It has a good coverage area,
ranging from latitudes 50°S to 50°N, and a high temporal (3 h) and spatial (0.25° × 0.25°)
resolution. TRMM carries a rainfall radar (PR), TRMM microwave imager (TMI), visible and
infrared scanner (VIRS), lightning imaging sensor (LIS), and cloud and earth radiant energy
system (CERES). The PR, VIRS, and LIS are the main instruments for rainfall retrieval
(Kummerow et al. 1998; Cho and Chun 2008). One thing that should be mentioned is that the
PR, which can provide three-dimensional rainfall distribution in an unprecedented way, may
provide more accurate rainfall data than any previous space-borne sensor. The TRMM rainfall
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estimates are acknowledged as more reliable data than those obtained from other satellites
(Nicholson 2005).
Hitherto only a few published papers have evaluated the TRMM rainfall estimates. Papers
on the evaluation of satellite rainfall data commonly compare the rainfall estimated by satellites
with rain gauge data (Nicholson 2005). Some others approach the evaluation of the TRMM
rainfall by considering it an input to the hydrological model and then comparing the estimated
streamflow with the observed sequences (Yilmaz et al. 2005; Hughes 2006; Yang et al. 2009).
This study evaluated the TRMM 3B42V6 satellite rainfall data from the Yangtze River
Basin, the longest river and largest basin in China. First, the TRMM 3B42V6 rainfall data
were directly compared with rain gauge rainfall fields. Then, the streamflow was estimated
with a large-scale distributed hydrological model using the TRMM 3B42V6 rainfall and rain
gauge records, and this was compared with the observed hydrographs from Cuntan
Hydrological Station. This paper is therefore not concerned with the issues related to
calibrating the satellite rainfall data, but with the direct use of the available data in the water
resources estimation process.
2 Methodology
Several years of daily rainfall data from rain gauges in the Yangtze River Basin, shown in
Fig. 1, were compared with the TRMM 3B42V6 rainfall data to evaluate the quality of TRMM
rainfall estimates at different temporal scales. The distributed hydrological modeling system
(HMS) was used with the rain gauge rainfall data and TRMM rainfall data as alternative inputs
to obtain an integration of rainfall effects over large areas in terms of river discharge.
Fig. 1 Distribution of meteorological stations in Yangtze River Basin
2.1 Study area and available data
The Yangtze River originates in a glacier lying to the west of Geladandong Moutain in
the Dangla Mountain Range, in the eastern part of the Tibetan Plateau in West-Central China.
It flows southeast before turning northeast and then generally east across South-Central and
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East-Central China to the East China Sea near Shanghai. The river is about 6 300 km long
and the basin lies in southern China between latitudes 24°N and 36°N and longitudes 90°E
and 122.5°E, covering about 1.8 × 106 km2. Most of the Yangtze River Basin is dominated by
the subtropical monsoon climate. Annual rainfall varies between 300 mm and 2 000 mm, and
appears to diminish from southeast to northwest. Most of the rain falls in the wet season
between April and October.
Daily rain gauge data from 250 meteorological stations in or adjacent to the Yangtze
River Basin from the years 1998 to 2006 as well as daily mean discharge from Cuntan
Hydrologic Station from 1998 to 2000 (Fig. 1) were obtained from the China Meteorological
Administration and the Hydrological Bureau of the Ministry of Water Resources, China. The
TRMM 3B42V6 rainfall data in the hierarchical data format (HDF) were downloaded from the
NASA website (http://trmm.gsfc.nasa.gov/). It has a very high temporal (3 h) and spatial (0.25° ×
0.25°) resolution. The TRMM 3B42V6 rainfall data series is one of the operational products of
TRMM based on rain gauge measurements and satellite-based estimates. The 3B42 algorithm
was developed by the TRMM science team and the data were processed by the TRMM science
data and information system (Huffman et al. 1995).
2.2 LSX-HMS large-scale hydrological model
The hydrological model used in this study was the distributed HMS coupled with a
land-surface transfer scheme (LSX). HMS is made up of four component modules: the soil
hydrological model (SHM), the groundwater hydrological model (GHM), the terrestrial
hydrological model (THM), and the channel groundwater interaction (CGI) model (Yu et al.
1999a, 1999b, 2002). SHM was developed to simulate the vertical flow of soil water by
solving Richards’ equation within each grid cell, and to calculate near-surface fluxes such as
evapotranspiration using the Penman-Monteith method (Monteith 1981), together with the
measured and inferred plant height, leaf-area index, wind speed, and meteorological data from
the data set of the National Centers for Environmental Prediction (NCEP). THM was designed
to simulate surface flow based on the rainfall, digital elevation, and land use and soil
information. THM considers surface flow in rivers and lakes as a whole. The river or lake
characteristic parameters are the riverbed depth and effective river area. The average depth of
surface flow is used as a diagnostic parameter to distinguish rivers and lakes. The grid water
level changes over time are calculated with the two-dimensional diffusion equation. The flow
velocities in the eight directions between adjacent grid cells are estimated with the Manning
equation (Johnson and Miller 1997; Yu et al. 2006). The groundwater recharge derived from
rainfall is applied to GHM (Yu and Schwartz 1995, 1998). The water exchange between
groundwater and the channel is calculated with CGI based on Darcy’s equation.
The LSX model is a land surface component of the Genesis version-2 global climate
model (Pollard and Thompson 1995; Thompson and Pollard 1997). It simulates a single
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vertical column of vegetation, snow, and soil in each LSX grid cell. With the coupling of LSX
and HMS, the LSX-HMS model not only simulates the land surface hydrological processes,
but also examines interactions of biogeophysics (latent and sensible heat, momentum, and
albedo) and biogeochemistry (CO2) that affect the land surface.
The U.S. Geological Survey (USGS) HYDRO1K 1-km resolution DEM for the
Yangtze River Basin was used for the basic elevation data in the hydrological model.
HYDRO1K is a geographic database developed to provide comprehensive and consistent
global coverage of topographically derived data sets, which can be downloaded from the
website (http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/gtopo30/hydro/asia) .
The grid cell size of the hydrological model is 20 km for the whole Yangtze River Basin
simulation. Thus, the 1-km DEM should be re-sampled to obtain a 20-km DEM using the
upscaling method from Yu et al. (2001) (Yang et al. 2007). This method maintains the river
continuity and the rationale of the watershed boundary through an increase of the weight of
the river grid cell to avoid the variance of the upscaling result.
Vegetation physical properties such as the leaf area index, stomatal resistance, and leaf
albedo are prescribed with the Dorman-Sellers parameterization scheme (Dorman and
Sellers 1989).
A standardized global data set of soil textures was used in the model to reasonably
determine the hydraulic parameters of different soil types. The data include the percent
abundance of sand and clay of six layers from the land surface to a depth of 4.25 m. These data
were compiled by Webb et al. (2000). To determine parameters, some procedures to estimate
model parameters a priori based on land cover and soil information developed by Cosby et al.
(1984), known as the Cosby parameterization, were used.
2.3 Rainfall data processing
In many cases, both rain gauge and satellite rainfall data were interpolated at the same
temporal and spatial resolution for comparison and modeling purposes. Many scholars have
discussed the influence of different interpolation methods on simulated rainfalls (Bussieres
and Hogg 1989; Tabios and Salas 1985). Dirks et al. (1998) have shown that the
inverse-distance squared method is accurate and feasible when it gives consideration to both
complexity and calculating time. Therefore, we used the inverse-distance squared method in
this study to interpolate the rain gauge data at a spatial resolution of 0.25° × 0.25°, which is
the same as that of the TRMM 3B42V6 data. The inverse-distance squared method is one of
the most commonly used interpolation methods. It weights the rainfall value from a rain gauge
only by its distances from the interpolating point. This approach, which can control the
weights of the gauges near or far from the interpolating point, is good for improving the
precision of spatial interpolation in regions with a low density of rain gauge networks. After
comparison of different interpolation methods, Higgins et al. (1996) chose the inverse-distance
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squared method, shown as Eq. (1), to interpolate the rainfall data from 7 000 rain gauges into
raster data:
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where ijP is the rainfall in the grid cell ( ),i j , ,k ijd is the distance between the grid cell
( ),i j and rain gauge k, kp denotes the rainfall value from the rain gauge k, m is the
aggregate number of rain gauges, and b is a factor reflecting the weight.
For the areal rainfall estimation, the Thiessen polygon method was used with rain gauge
rainfall measurements and the arithmetic average method was used with the TRMM 3B42V6
rainfall data.
2.4 Comparison of rainfall fields
The performance of the TRMM 3B42V6 rainfall data was evaluated through direct
comparison with rain gauge data during various periods. Mean basin rainfall was first
calculated for all the TRMM cells and rain gauge stations, and compared in different time
intervals (day, month, and year). Correlation coefficients between the interpolated rain gauge
data and TRMM data series were then calculated.
The Pearson correlation coefficient ( PC ) (Eq. 3), Nash-Sutcliffe coefficient ( NSC ) (Eq. 4),
and standard deviations (Eq. 5) for rain gauge and TRMM rainfall data ( Gį and Tį ,
respectively) were obtained based on the statistical measures:
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where iP and iO indicate TRMM and rain gauge rainfall data at the ith time step,
respectively; P and O are the mean rainfall of TRMM and rain gauge data, respectively;
and n is the total number of time steps.
2.5 Comparison of streamflow
A calibration procedure introduced by Yu and Schwartz (1999) was used for adjustment of
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the key hydraulic parameters of HMS, and the observed rainfall and streamflow data from
1976 to 1980 were used to minimize the sum of squares of residuals between the calculated
results and observed data from Cuntan Hydrological Station in the Yangtze River Basin during
the calibration period. The observed data from 1971 to 1975 were used to verify the rationality
of the parameters. Then, the LSX-HMS large-scale distributed hydrological model, with the
TRMM 3B42V6 and rain gauge rainfall data as alternative inputs, was used for streamflow
simulation of the Yangtze River Basin. The results were evaluated by means of the mean error,
mean absolute error, and root mean squared error statistics of simulated and observed
streamflow.
3 Results and discussion
3.1 Comparison of rainfall
The accuracy of the TRMM daily rainfall data was evaluated based on rainfall data from
the current rain gauge network. The daily rainfall statistics of TRMM 3B42V6 and rain gauge
data are shown in Table 1. The mean rainfall values are close, indicating that the error in total
amount is small. The similar standard deviations demonstrate the similar discreteness of the
rainfall data. The maximum daily rainfall values reflect the precision in extreme values. The
correlation coefficient results show the consistency between the TRMM rainfall data series
and the data from rain gauges.
Table 1 Statistical results of daily rainfall from TRMM and rain gauge data
Year
Mean daily rainfall (mm) Maximum daily rainfall (mm) Standard deviation (mm)
PCTRMM
3B42V6 Rain gauge
TRMM
3B42V6 Rain gauge T
į Gį
1998 3.32 3.04 16.44 19.33 3.43 3.82 0.72
1999 3.19 2.96 19.18 18.99 3.65 3.83 0.74
2000 2.96 2.82 15.91 13.96 2.89 3.19 0.69
2001 2.71 2.56 13.91 19.51 2.66 2.91 0.71
2002 3.21 3.19 20.5 21.87 3.40 3.73 0.75
2003 2.71 2.73 14.75 18.43 2.84 3.14 0.78
2004 2.67 2.82 16.21 17.23 2.85 3.12 0.77
2005 2.75 2.94 13.73 15.98 2.65 3.17 0.74
2006 2.59 2.65 16.29 20.48 2.66 3.00 0.64
The TRMM 3B42V6 monthly rainfall data series are also compared with rain gauge
rainfall in Fig. 2. As shown in Fig. 2, the monthly rainfall data measured by TRMM and rain
gauges are very close to one another.
Fig. 3 shows the mean monthly basin-averaged rainfall of both data sets during the study
period from 1998 to 2006 in order to examine the seasonal changes. TRMM 3B42V6 tends to
overestimate rainfall during the wet season (April to September), while underestimating
rainfall during the dry season (October to March). Still, the seasonal changes of rainfall are
well reflected by the TRMM rainfall estimates.
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Fig. 2 Monthly rainfall data of TRMM 3B42V6 and rain gauges for Yangtze River Basin from 1998 to 2006
Fig. 4 shows accumulated rainfall curves for TRMM 3B42V6 and rain gauge data sets
during the study period. The two data sets are very close to each other when averaged over the
Yangtze River Basin. The total amounts of rainfall from TRMM 3B42V6 and rain gauge data
sets during the 9-year period are very similar. The rise and fall of the accumulated rainfall
curve show that the TRMM rainfall estimates can well represent the seasonal changes between
wet and dry periods. Although the TRMM 3B42V6 rainfall data show a tendency of slightly
underestimating the rainfall, as in the work of Collischonn et al. (2008), it should not be
overstated because the rain gauge network used for comparison is not dense enough.
Fig. 3 Mean monthly rainfall over Yangtze River Fig. 4Accumulated mean daily rainfall over
Basin derived from TRMM and rain gauge data Yangtze River Basin for TRMM and rain
sets for period from 1998 to 2006 data sets from 1998 to 2006
To estimate the accuracy of spatial distribution of the TRMM 3B42V6 rainfall data, the
spatial distribution of annual rainfall in a typical high flow year, 1998, a normal flow year,
2002, and a dry flow year, 2006 was analyzed. Fig. 5 shows that the TRMM 3B42V6 rainfall
product can reflect the position and center of rain bands. At present, there are still many
difficulties in quantifying the precision of spatial rainfall distribution derived from the TRMM
3B42V6 rainfall data because of the lack of ground rain gauge stations. Considering the
importance of understanding the spatial distribution of rainfall in improving the hydrological
simulation ability of the distributed hydrological model, the TRMM rainfall products have
good development prospects in modern hydrology because of their advantages in reflecting the
spatial distribution of rainfall.
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Fig. 5 Comparison of spatial distributions of annual rainfall from TRMM and
rain gauge data from 1998, 2002, and 2006
3.2 Comparison of streamflow
The rainfall data from the TRMM 3B42V6 and interpolated rain gauge data sets were
used as inputs to the large-scale distributed hydrological model LSX-HMS to simulate the
monthly streamflow in the upper Yangtze River Basin. A comparison of monthly streamflow
processes estimated by both data sets is shown in Fig. 6. The monthly streamflow simulated by
the LSX-HMS model using the TRMM 3B42V6 data agrees with observed flows. More
statistics are provided in Table 2. The Nash-Sutcliffe coefficients NSC of the two data sets are
both greater than 0.84, while the Pearson correlation coefficients are both greater than 0.94.
The simulation results for the dry season are usually larger than the observed streamflow,
partly because of the influence of water conservancy projects in the river basin.
Fig. 6 Monthly streamflow process simulated by LSX-HMS from 1998 to 2000
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Table 2 Comparison of statistics of streamflow simulated by TRMM 3B42V6 and
rain gauge rainfall data from 1998 to 2000
Data source Mean monthlystreamflow (m3/s)
Standard deviation
į (m3/s)
Maximum monthly
streamflow (m3/s) P
C NSC
TRMM 3B42V6 14 300 11 000 42 000 0.94 0.84
Observed 12 100 10 500 40 800
Rain gauge 14 100 10 000 44 000 0.95 0.86
4 Conclusions
The following conclusions arise from the assessment of TRMM 3B42V6 rainfall data in
the Yangtze River Basin.
The TRMM data can reflect the temporal and spatial characteristics of the rainfall
distribution. The TRMM 3B42V6 rainfall series shows good agreement with rain gauge data
at daily and monthly time scales when the rain gauge rainfall data are averaged over the whole
basin. It can also reflect the seasonal variability of rainfall over the river basin. The slight
overestimates of rainfall by the TRMM 3B42V6 rainfall product during the wet season (April
to September) and underestimates of the rainfall during the dry season (October to March)
may be caused by the insufficient density of the rain gauge stations. Although it is difficult to
quantify the precision of spatial rainfall distribution derived from the TRMM 3B42V6 rainfall
data, the agreement between the spatial rainfall distributions derived from the TRMM 3B42V6
and rain gauge data for three typical years, i.e., a high flow year of 1998, a normal flow year
of 2002, and a low flow year of 2006, shows that the TRMM data have an advantage in
reflecting the position and center of rain bands.
The LSX-HMS model driven by rainfall data from rain gauges and TRMM 3B42V6
estimates gives similar results of the variation of monthly streamflow. Therefore, the TRMM
3B42V6 rainfall products could be a helpful alternative data source for large-scale distributed
hydrological models as they are used for runoff simulation.
Satellite-based rainfall estimates will be improved in the near future. One of the broadest
application prospects for satellite-based rainfall estimates is the coupling of real-time TRMM
rainfall data for flood forecasting in regions with inadequate real-time rain gauges, as in most
areas of China. The global precipitation measurement project, an international constellation of
ten low-orbit satellites, will be launched in 2013 (Smith et al. 2007; Collischonn et al. 2008).
The project will enhance the monitoring of hurricanes and mid-latitude storms, and improve
estimates of rainfall accumulation. It is unlikely that remote sensing of rainfall will replace
ground rain gauges, but it will have an increasingly important effect with further development
of remote sensing technology. The combined use of satellite-based rainfall estimates and rain
gauge data deserves further investigation.
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